Aims/hypothesis Hydroxychloroquine (HCQ), an antimalarial drug with anti-inflammatory properties, is employed in rheumatic diseases. In observational studies, patients with rheumatic diseases treated with HCQ have a lower risk of developing diabetes. However, the physiological mechanisms remain unexplained. We hypothesised that HCQ may have favourable effects on insulin sensitivity and/or beta cell function. Methods This was a randomised, double-blind, parallel-arm (placebo vs HCQ 400 mg/day) trial at the University of Pittsburgh. Randomisation was conducted by a computer system with concealment by sealed envelopes. Treatment duration was 13±1 weeks. Randomised participants (HCQ n=17; placebo n = 15) were non-diabetic volunteers, age >18, overweight or obese, with one or more markers of insulin resistance. All participants were included in intention-to-treat analysis. Outcomes were changes in insulin sensitivity and beta cell function measured by intravenous glucose tolerance tests and minimal model analysis. Results There was a positive change in insulin sensitivity with HCQ but not placebo (mean±SEM: +20.0%±7.1% vs −18.4% ±7.9%, respectively; p<0.01; difference: 38.3%±10.6%; 95% CI: 17%, 60%). Improvement in beta cell function was also observed with HCQ but not placebo (+45.4%±12.3% vs −19.7%±13.6%; p<0.01; difference: 65%±19%; 95% CI: 27%, 103%). There were modest treatment effects on fasting plasma glucose and HbA 1c (p<0.05) but circulating markers of inflammation (IL-6, IL-1, TNF-α, soluble intercellular adhesion molecule) were not affected in either group. In contrast, adiponectin levels increased after HCQ treatment but not after placebo (+18.7% vs +0.7%, respectively; p<0.001). Both lowand high-molecular-weight adiponectin forms accounted for the increase. There were no serious or unexpected adverse effects. Conclusions/interpretation HCQ improves both beta cell function and insulin sensitivity in non-diabetic individuals. These metabolic effects may explain why HCQ treatment is associated with a lower risk of type 2 diabetes. An additional novel observation is that HCQ improves adiponectin levels, possibly being a mediator of the favourable effects on glucose metabolism. Our findings suggest that HCQ is a drug with considerable metabolic effects that warrant further exploration in disorders of glucose metabolism. Trial registration Clinicaltrials.gov NCT01326533 Funding This study was funded by National Institutes of Health no. 5R21DK082878, UL1-RR024153 and UL-1TR000005.
Introduction
Prevention of type 2 diabetes mellitus remains an unmet medical challenge. While type 2 diabetes can often be prevented or delayed by lifestyle modifications that incorporate weight loss and physical activity [1, 2] , long-term adherence is challenging for the great majority of individuals. For this reason, there is an interest in developing pharmacological options for diabetes prevention. Insulin sensitisers, such as metformin and thiazolinidiones, have been shown to prevent or delay type 2 diabetes in large randomised clinical trials [1, 3, 4] , establishing proof of concept that type 2 diabetes prevention is not only possible by pharmacological means but also worth pursuing.
Hydroxychloroquine (HCQ) is an antimalarial drug with anti-inflammatory properties that is employed in the treatment of autoimmune rheumatic diseases. An observational study of over 5,000 patients with rheumatoid arthritis suggested that HCQ may have reduced the risk of incident diabetes in those patients [5] . A proportional decrease in the risk for diabetes was seen with progressive duration of HCQ use; those on HCQ for ≥4 years showed a 77% reduction in risk. Other observational studies have also suggested reductions in diabetes incidence in association with HCQ treatment in patients with rheumatic diseases [6, 7] . Findings from these reports are consistent with the possibility that HCQ prevents type 2 diabetes, at least in patients with rheumatic diseases. Because of the observational nature of those studies, causality cannot be conclusively inferred from those studies alone. However, other lines of evidence suggest that HCQ has direct antidiabetes properties. Chloroquine, the parent compound from which HCQ originates, has been shown to have an insulin-sparing effect in type 2 diabetes [8, 9] and improve glucose tolerance in non-insulin-dependent diabetes [10] . The impact of HCQ on hyperglycaemia in type 2 diabetes was tested in two older randomised trials, and glucose-lowering properties were found [11, 12] . However, the mechanisms by which HCQ may affect blood glucose and reduce the risk for type 2 diabetes have not been established.
Insulin sensitivity and beta cell function are key determinants of normal glucose homeostasis and we hypothesised that either one or both of these variables may be affected by HCQ. If confirmed, further exploration of HCQ as a drug of potential value in disorders of glucose metabolism would be warranted. Importantly, HCQ would be an appealing option because it is generic, inexpensive, easy to administer and its safety profile has been known for decades.
To examine the mechanisms of HCQ's action on glucose metabolism, we conducted a randomised clinical trial of 13 weeks of treatment with HCQ vs placebo in non-diabetic adults. The trial was primarily oriented as a mechanistic study. Glucose metabolism was studied in detail by intravenous glucose tolerance tests with minimal model analysis to examine whether HCQ improves insulin sensitivity, beta cell function or both. In addition, we also tested whether the effect of HCQ is mediated by a change in systemic inflammatory activity and adiponectin levels.
Methods
Research participants All participants provided informed consent. Protocols were approved by the University of Pittsburgh's institutional review board. The research was conducted at the University of Pittsburgh's Endocrinology and Metabolism Research Center and the Clinical Translation Research Center. All participants had a screening medical history and physical examination. Inclusion criteria were age >18 years, BMI>25 kg/m 2 (but otherwise healthy) and one or more risk factors for insulin resistance: fasting glucose 5.51-6.88 mmol/l (100-125 mg/dl); fasting insulin >48.6 pmol/l (>7 μU/ml); history of gestational diabetes or a parent with type 2 diabetes. Exclusion criteria were as follows: (1) diabetes mellitus, liver or kidney disease, myopathies, autoimmune disease, cancer, glucose-6-phosphate dehydrogenase deficiency and retinal disease; (2) pregnancy; (3) systemic corticosteroid use in the 6 months leading up to the study; (4) bariatric surgery or weight instability (>3 kg change in the previous 6 weeks); (5) metformin or drugs that affect glucose metabolism; (6) haemoglobin <90 g%. . This magnitude can be considered clinically relevant. For instance, in a study of obese individuals with impaired glucose tolerance, insulin sensitivity improved by 0.12×10 −4 pmol −1 l min −1 after weight loss achieved by diet and exercise [13] . Participants were randomised to receive either once-nightly placebo (n=15) or HCQ 400 mg by mouth (n=17) after baseline metabolic testing. A pharmacist who was independent of the study carried out the blinded assignment and dispensing of treatment based on a randomisation table achieved by computer-generated random numbers (blocks of four) and sealed envelopes. Treatment assignment (1:1) was concealed from researchers and participants until completion of study procedures. The treatment duration was 13±1 weeks. Adherence was determined by pill counting (percentage taken from the total number of doses at study completion). During the treatment phase, four participants in the HCQ group were lost to follow-up: two lost contact; one no longer wished to participate and one left the study because of abdominal discomfort (Fig. 1) .
Study design and assessments
IVGTTs Participants were admitted to the University of Pittsburgh's Clinical Translational Research Center for baseline and post-treatment metabolic assessments, conducted in the morning after an overnight fast of 8-10 h. They were instructed to abstain from alcohol and exercise in the 48 h preceding these assessments. Body weight, fat mass and lean mass were measured on a bioimpedance scale (Tanita TBF-300A, Tanita, Arlington Heights, IL, USA). Metabolic assessments consisted of fasting blood collection, followed by an IVGTT to measure insulin sensitivity, insulin secretion, and beta cell function by the minimal model [14, 15] . [14, 15] . The fasting molar ratio of C-peptide to insulin concentrations (pmol/pmol) was calculated as a surrogate marker of insulin clearance [16] . In steady-state equilibrium conditions, this ratio estimates insulin clearance based on the assumption that insulin and C-peptide are co-secreted in equimolar proportions and that C-peptide is not subjected to first-pass hepatic metabolism [16] .
Biochemical analyses Insulin was measured by a two-site chemiluminescent immunometric assay. ELISAs were employed for measurements of total and high-molecularweight (HMW) adiponectin (ALPCO Diagnostics, Salem, NH, USA). Low-molecular-weight (LMW) adiponectin was calculated as the difference between the two. ELISA kits were employed for IL-6, IL-1β, TNF-α and soluble intercellular adhesion molecule-1 (s-ICAM-1) (R&D Systems, Minneapolis, MN, USA).
Statistical analyses The Fisher's exact test, two-sample t test or the Wilcoxon two-sample test was used, as appropriate, to compare characteristics between groups at baseline. The primary and secondary outcome was the change in insulin sensitivity and beta cell function, respectively. Treatment group differences were examined by ANCOVA with treatment as the fixed effect and baseline value as a covariate. Within-group changes after 13 weeks were examined by two-tailed paired t test. The primary analysis was conducted on the intention-totreat population with last observation carried forward (LOCF) by imputing the baseline value as the last observation. Secondary analyses were also conducted with two distinct approaches to test different assumption scenarios. First, repeated measures analyses using linear mixed models were used to separately estimate differences in mean change in insulin sensitivity, glucose effectiveness, acute insulin sensitivity, beta cell function, glucose, and HbA 1c between the two arms. This approach used all available participant data to calculate maximum likelihood estimates for mean change in the variables listed above and accounted for repeated observations. Second, sensitivity analysis was conducted by imputing changes for participants in the HCQ group without 13 week data using the mean change observed in the placebo group. Normality of distribution was examined and confirmed by usingand pp plots. All tests were two-sided and assessed for significance if p<0.05. Results are expressed as means±SD unless shown otherwise. Effects of HCQ on glucose metabolism The number of study treatment days was similar in both groups: 94±9 days in the placebo group vs 92±3 days in the HCQ group (p=0.98). Adherence to treatment, as determined by pill counting, was high in the placebo group (mean 99%, range 80%-100%) as well as in the HCQ group (mean 99%, range 98%-100%). Participants were weight stable as changes in weight were minimal in both groups (placebo Δ=+1.3±0.6 kg vs HCQ Δ=0.0±0.5 kg, p=0.11).
The effects of HCQ on several variables of glucose metabolism derived from the IVGTT are shown in Table 2 . The insulin sensitivity index was significantly improved in the HCQ treatment group but not in the placebo group, which experienced a decline (p < 0.01). In secondary analyses, within-group testing confirmed that the HCQ group experienced a significant improvement in insulin sensitivity over 13 weeks (p=0.03). Glucose-dependent glucose disposal (S G ) (i.e. disposal that is independent of insulin) was also examined. There was no statistically significant difference between groups ( Table 2 ). The AIR to glucose, which reflects the absolute mass of insulin secreted, increased after 13 weeks but the difference between groups was not significant (p=0.49). However, beta cell function measured by the disposition index was improved by HCQ (placebo −19.7%±13.6%; HCQ+45.4±12.3%; p=0.002).
The effects of HCQ on simple markers of glucose metabolism are shown in Table 3 . HCQ treatment was associated with a small but favourable effect on fasting plasma glucose concentration (p=0.04) and HbA 1c (p=0.03). There was no effect on fasting insulin and free-fatty acid levels. The C-peptide/insulin molar ratio, an estimate of insulin clearance, was similar in both groups at baseline (placebo 31.4±17.1 vs HCQ 29.2±20.3, p=0.76). After 13 weeks, no treatment effect was observed (placebo −5.5±3.3 vs HCQ −4.8±3.6, p=0.88). In agreement with this observation, IVGTT plots revealed that the profile of insulin concentration decay after exogenous insulin administration was virtually identical before and after HCQ treatment, suggestive of no change in insulin clearance (Fig. 2) .
To examine the potential impact of dropouts on metabolic outcomes, two additional analyses were conducted. In mixedmodel analysis using all available data, the effect of HCQ was confirmed for insulin sensitivity (p=0.008), disposition index (p=0.009) and fasting glucose (p=0.02). In sensitivity analyses that imputed changes for the four HCQ participants without 13 week data using the mean change observed in the placebo group, statistically significant results were confirmed for insulin sensitivity (p=0.005) and the disposition index (p=0.03).
Effects of HCQ on circulating biomarkers of inflammation and adiponectin Markers of inflammation were minimally affected after 13 weeks and differences between the placebo and HCQ groups were not significant (electronic supplementary material [ESM] Fig. 1 ). No significant changes were observed in circulating concentrations of proinflammatory cytokines (IL-1β, IL-6 and TNF-α) or s-ICAM-1 in either the placebo-or the HCQ-treated group. In sharp contrast, adiponectin was significantly increased by HCQ (Fig. 3a) . Both HMW and LMW subfractions contributed to the improvement in adiponectin levels (Fig. 3b, c) .
Discussion
Three observational studies showed that patients with autoimmune inflammatory arthritis treated with HCQ have a lower risk of developing diabetes [5] [6] [7] . In addition, two clinical trials reported that treatment with HCQ in high doses (600 mg/day) lowers HbA 1c in individuals with type 2 diabetes and without autoimmune conditions [11, 12] . These observations suggest that HCQ has beneficial effects on glucose metabolism. Yet, to date, the underlying Values are expressed as means±SD or as n (%) Baseline values are expressed as means±SD. Changes from baseline are expressed as means±SE adjusted for baseline (ANCOVA) mechanisms have not been elucidated. Here, we present the results of a placebo-controlled, double-blinded study specifically designed to examine how HCQ affects glucose homeostasis. In non-diabetic individuals, HCQ treatment improved both insulin sensitivity and beta cell function. This dual effect is noteworthy since both insulin resistance and beta cell dysfunction are implicated in the progression to type 2 diabetes. HCQ also had an effect on fasting glucose concentration, indicating that the combined changes in insulin sensitivity and beta cell function were biologically relevant. The exact effect size on insulin sensitivity was difficult to determine because the placebo group experienced an unexplained decline. However, if one considers only the change within the HCQ group (20%±7.1%), the magnitude is still clinically significant. For comparison, metformin has been shown to improve hepatic insulin resistance in type 2 diabetes, measured by endogenous glucose production rate, by as much as 15% [17] and 26% [18] .
Recently, two small studies examined the effect of short courses of HCQ on indirect markers of insulin sensitivity but found mixed results. An open-label, crossover study of non-diabetic healthy individuals found that the Matsuda index (a surrogate of insulin sensitivity) improved after 6 weeks of HCQ treatment [19] . In contrast, another study with rheumatoid arthritis patients, also employing a crossover design, reported no improvement in the Matsuda index [20] . However, HCQ's long half-life of 44-50 days [21] can be problematic in crossover studies of short duration because of the high potential for carryover effects during the washout phase. Also, the Matsuda index is a surrogate measurement of insulin sensitivity and therefore can miss metabolic changes only observed by more robust methodology. Drug-induced hypoglycaemia has been reported with chloroquine and its molecular similarity to HCQ served as a rationale for two older randomised trials to test HCQ in type 2 diabetes [11, 12] . Both trials concluded that HCQ improves hyperglycaemia, but the physiological mechanisms have not been established. In one of those studies, insulin sensitivity was measured by IVGTT in a small subset of participants (n=9 HCQ, n=15 placebo), but no improvements were observed [11] . However, the study did not employ a uniform IVGTT protocol, mixing different protocols with different dextrose and insulin bolus doses, thus precluding reliable conclusions about HCQ's mechanism of action. Data from experimental models [22] and a case report [8] suggest that chloroquine, but not HCQ, may decrease insulin clearance. However, our data suggests that HCQ does not share this property with chloroquine since estimated insulin clearance was not altered by HCQ treatment.
The mechanism of action of HCQ at the molecular level is not well understood, but HCQ is employed in rheumatic diseases because it inhibits cytokine release [23] . Insulin resistance has been linked to subclinical inflammation and our initial hypothesis was that HCQ might change insulin sensitivity by ameliorating inflammatory activity. However, we found that circulating markers of inflammation were not affected by HCQ. On the other hand, those markers may be relatively insensitive for detecting tissue-level inflammation. Therefore, the possibility that HCQ's mechanism of action might involve inhibition of inflammation cannot be entirely excluded on the basis of those findings alone.
Adipose tissue inflammation has been linked to insulin resistance and lower production of adiponectin. We found that HCQ significantly increased levels of both HMW and LMW adiponectin, suggesting the possibility of antiinflammatory effects in adipose tissue. The observation that HCQ increases adiponectin concentrations is a novel finding that, to our knowledge, has not been previously described. Adiponectin has been postulated to have an insulin-sensitising effect [24] and, therefore, a potential mechanism by which HCQ might affect insulin sensitivity would be modulation of adipose tissue inflammation and adiponectin production. Less is known about the effect of adiponectin on insulin secretion but adiponectin receptors are found in beta cells [25] and upon activation enhance glucose-stimulated insulin secretion [26, 27] . It is unclear whether these actions are physiologically relevant. Further research is thus warranted to establish how HCQ improves insulin sensitivity and beta cell function.
Strengths of our study include the rigorous method used to measure insulin sensitivity and a randomised, double-blinded, placebo-controlled design. Another strength is that the improvement was observed with a dose of HCQ (400 mg/day) that is typically considered safe for long-term clinical use and is often employed in rheumatic diseases. This study also has limitations. First, there were missing data due to dropouts. However, when sensitivity analyses were employed to test different assumptions, metabolic improvements remained statistically significant. Second, insulin sensitivity measured by the minimal model combines hepatic and peripheral sensitivity. Studies using hyperinsulinaemic-euglycaemic clamps would be important to confirm the findings observed here and separate the relative contribution of hepatic vs peripheral components. Finally, because non-diabetic individuals were studied, the effects in type 2 diabetes must be inferred. Nevertheless, our design provides reassurance that the results were not an indirect consequence of reduced glucotoxicity, a potential confounder in studies involving hyperglycaemic individuals.
Since HCQ has been employed in the treatment of rheumatic conditions, our findings are relevant to patients taking this medication. For instance, changes in insulin sensitivity and beta cell function should theoretically lead to a lower risk of type 2 diabetes. In those with established diabetes, initiation of HCQ treatment should be accompanied by the awareness that improved glucose metabolism and decreased requirement for glucose-lowering drugs may occur. A notable characteristic of HCQ is that its tolerability and safety profile are well established. HCQ is generally well tolerated, inexpensive and broadly available and therefore worthy of investigation in diabetes prevention and treatment. Trials specifically designed for these purposes would be required, and our findings are supportive of such efforts.
In summary, our findings demonstrate that HCQ improves insulin sensitivity, beta cell function and adiponectin levels in non-diabetic individuals. These effects likely explain the improved glucose homeostasis that has been reported with HCQ treatment and suggest that HCQ should be further studied in disorders of glucose metabolism.
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